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Abstract

This study aimed to identify factors influencing bacterial diversity in the Meuse River watershed by analyzing 42 locations sampled in
spring and summer 2019, combined with biweekly sampling of one mid-stream location for a year. Bacterial community composition
(BCC) was assessed in the small (SF; <5 pm) and large fractions (LF; >5 pm,), alongside physico-chemical parameters. LF consistently
exhibited greater alpha diversity than SF. During the spatial campaigns, alpha diversity increased downstream in spring with high
discharge, and BCC differed significantly between headwaters and the main river. Along this axis, several genera, Flavobacterium,
Limnohabitans, and Aquirufa stood out as indicators of good water quality. Rhodoferax, another taxon indicative of good water quality,
prevailed in the headwaters and during winter. In contrast, two cyanobacteria genera indicators of poor river quality, Microcystis PCC
7914 and Cyanobium PCC 6307, peaked in summer. BCC in spring and summer temporal samples aligned with spatial ones, while winter
and autumn samples had distinct BCC. Finally, season, temperature, and distance from river mouth were the main driving parameters
of beta diversity, outweighing the effect of fraction size on the BCC. These findings reinforce the notion that local conditions exert

significant influence on bacterial communities in rivers.
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Introduction

Bacteria are integral to river ecosystems, where they contribute to
vital biogeochemical processes such as organic matter decompo-
sition and nitrification. Their importance is illustrated by the mi-
crobial loop, i.e. the assimilation of dissolved organic matter into
biomass by bacteria, which are then ingested by protists, them-
selves predated by zooplankton (Azam et al. 1983). This pathway
of carbon and nutrient cycling though microbial components is
coupled to the classic food chain formed by the phytoplankton—
zooplankton-fish hierarchy.

Like in other environments, the analysis of bacterial commu-
nity composition (BCC) in rivers has benefited from the rapid
evolution of biomolecular techniques that started with low-
resolution fingerprinting followed by next-generation sequencing
and more recently metagenomics. It has been shown in many
studies that river microbial assemblages are dominated by a lim-
ited number of phyla: Actinomycetota, Pseudomonadota, Bacteroidota,
and Cyanobacteriota (previously named as Actinobacteria, Proteobac-
teria, Bacteroidetes, and Cyanobacteria, respectively) (Staley et al.
2013, de Oliveira and Margis 2015, Savio et al. 2015, Wang et al.
2016, 2019, Hu et al. 2017, Hassell et al. 2018, Henson et al. 2018,
Blais et al. 2022). In particular, several genera have been frequently
associated with freshwater environments, such as hgcl clade (Acti-
nomycetota) (Kang et al. 2017, Newton et al. 2007), Flavobacterium

(Bacteroidota) (Hagberg et al. 2021, Kirchman 2002), Limnohabitans
(Pseudomonadota) (Kasalicky et al. 2013, Hu et al. 2018), and Fluvi-
icola (Bacteroidota) (Guo et al. 2020, Ji et al. 2018).

One way to differentiate subgroups in aquatic bacterial com-
munities is to analyze the BCC of particle-attached communities
versus free-living ones. Indeed the water column is a heteroge-
nous environment, where mineral or organic particles (e.g. flocs
of decaying phytoplankton) provide various habitats and/or car-
bon sources for bacteria, therefore being considered as hotspots of
microbial abundances and activity compared to free-living bacte-
ria (Crump et al. 1998, Luef et al. 2007). Accordingly, many studies
reported that river bacterial diversity is higher in the fraction re-
covered on 3- or 5-um-sized filters (“particle-associated” bacteria)
than in the flow through (“free-living” bacteria) (Crump et al. 1999,
Velimirov et al. 2011, Savio et al. 2015, Payne et al. 2017, Henson
et al. 2018, Liu et al. 2019).

Along the river course, variations in BCC have been reported,
that are reminiscent of what is observed for benthic invertebrates
and has been framed as the River Continuum Concept (Vannote et
al. 1980). This concept describes how the physico-chemical char-
acteristics of a river change along its course, leading to a pre-
dictable succession of biological communities. In several stud-
ies, such a succession has been observed for bacterial communi-
ties (Staley et al. 2013, Savio et al. 2015). Headwaters (HW) hold a
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diverse community of little active soil- and groundwater-affiliated
taxa (Crump et al. 2012, Savio et al. 2015) or, on the contrary,
fast-growing r-strategists (e.g. some Bacteroidota) (Read et al. 2015).
Then, as the river progresses, the latter are progressively replaced
by “typical” k-strategists (Read et al. 2015), which are small, non-
motile, slow-growing substrate specialists (Savio et al. 2015, Nifio-
Garcia 2016) belonging, among others, to the hgcl I clade (Actino-
mycetota), and the Polynucleobacter and Limnohabitans genera (both
Pseudomonadota) (Livermore et al. 2014, Pernthaler 2017). Gener-
ally speaking, the structure of biological communities is described
in the literature as the result of the interplay of two antagonis-
tic mechanisms: “mass effect” and “species sorting” (Mouquet and
Loreau 2002, 2003, Cadotte 2006, Shanafelt et al. 2015, Thompson
and Gonzalez 2016, Leibold et al. 2017). For riverine bacterial com-
munities, the “mass effect” process can be portrayed as the input
of allochthonous bacteria originating from surrounding riparian
zone that, when prevailing, leads to higher alpha diversity and
lower beta diversity and the dominance of certain species such as
those typical of soils (Wang et al. 2019). This phenomenon holds
particular significance in HW ecosystems. Those species are not
the most locally adapted ones, but they are the most abundant
ones at a regional scale. Conversely, “species sorting” is the selec-
tion of the most fit species by the local (a)biotic parameters, lead-
ing to a lower alpha diversity and a higher beta diversity across
the rivers of a watershed (Suzuki and Economo 2021).

In various studies, a gradual shift from mass effect to species
sorting has been described along the river course. Indeed, as bac-
teria flow downstream, they face increased competition for re-
sources (Crump et al. 2012, Savio et al. 2015, Nifio-Garcia et al.
2016), favoring the proliferation of the most competitive species.
Conversely, other studies reported a stability in terms of alpha di-
versity along the river course (Staley et al. 2014, Wang et al. 2019)
or an increase downriver (Henson et al. 2018), with no clear shift
in terms of beta diversity. This variety of results between differ-
ent studies suggest that the balance between local and regional
processes differs from one river ecosystem to another.

In addition, the specific parameters influencing BCC appear to
differ considerably between river watersheds, thus hindering the
identification of universally consistent factors. These identified
driving parameters are either temperature (Ma et al. 2016, Reza
et al. 2018, Cruaud et al. 2020, Wang et al. 2023), dissolved oxy-
gen (DO; Feng et al. 2012, Spietz et al. 2015), pH (Nifio-Garcia et
al. 2016, Doherty et al. 2017, Mateus-Barros et al. 2021), salinity
(Ma et al. 2016), total suspended matter (TSM) (Sommaruga and
Casamayor 2009), concentration and/or quality of organic matter
(Judd et al. 2006, Staley et al. 2014), and nitrogen and/or phospho-
rus concentrations (Ma et al. 2016, Hu et al. 2020, Mateus-Barros et
al. 2021). The impact of watershed characteristics has been high-
lighted as well, such as the distance from the river source (Paudel
Adhikari et al. 2019), river discharge (Doherty et al. 2017, Cruaud
et al. 2020, Caillon et al. 2021), landform (Liu et al. 2018), and land
use or land cover (Van Rossum et al. 2015, Hosen et al. 2017). Some
studies have also confirmed the influence of season, which inte-
grates several abovementioned parameters, on BCC (Crump et al.
2009, Doherty et al. 2017). Lastly, the effect of biotic factors such
as phytoplanktonic blooms (Winter et al. 2007) and composition
(Simek et al. 2011) or grazing rate by protozoa (Salcher et al. 2015)
has been reported as well.

One step further, several studies have underscored the poten-
tial of bacteria as indicators of water quality due to their high
sensitivity to variations in water physico—chemical parameters
(Zhangetal. 2008, Martinez-Santos et al. 2018). Their effectiveness
as proxies for ecological status has been demonstrated across var-

Netherlands

Germany

France
Sampling sites
® Headwaters
O Meuse river
Temporal
0 50 100 km sampling site (Te)
I

Figure 1. Map of the Meuse River watershed (in orange - contrasting
with the background) and the sampling sites—Lx = Luxemburg..

ious aquatic environments. For example, in coastal ecosystems,
Aylagas et al. (2017) developed a bacterial bioticindex that showed
a significant correlation with anthropogenic compounds such as
Polychlorinated Biphenyls (PCB), cadmium, and organic matter.
Several families, among which Comamonadaceae and Flavobacteri-
aceae, were identified as indicators of poor ecological status. In the
Songhua River, Yang et al. (2019) found that bacterial indicators
of remediation could be identified based on their negative cor-
relation with nitrate levels, including members of the Comamon-
adaceae family, Limnohabitans, Flavobacterium, and Rhodoferax. In the
Danube River, Fontaine et al. (2023) utilized the negative corre-
lation between bacterial taxa and Chl-a concentration—a proxy
for eutrophication—to identify four genera as reliable indicators
of good water quality: Fluviicola, Acinetobacter, Flavobacterium, and
Rhodoluna.

The Meuse River, which is the focus of this study, is 926 km long,
ranking as the 11th longest river of Western Europe, and crosses
three countries (Belgium, France, and the Netherlands) (Fig. 1).
Its watershed area is 34548 km? and is populated by roughly 7
millions inhabitants [2009 census in Descy (2009)], covering some
parts of Germany too. Its annual discharge at Jambes (located
midstream of the river) is 159 m?3/s (hydrometrie.wallonie.be). Its
water serves different purposes such as agriculture, industries,
drinking water supply, hydroelectricity production, and recre-
ational activities (Descy 2009). Since the 1980s, several surveys
have been undertaken on this river centered on phytoplankton
production (Descy 2002), bacterioplankton biomass and produc-
tion (Servais 1989), planktonic food webs (Joaquim-Justo et al.



2006, Servais et al. 2000), dissolved carbon dioxide, methane and
nitrous oxide concentrations (Borges 2018), or effect of floods on
TSM (Hamers et al. 2015).

To our knowledge, this study provides the first comprehen-
sive analysis of bacterial diversity in the Meuse River watershed,
with a distinction between large and small fractions (SF). Three
distinct sampling campaigns were undertaken: two spatial cam-
paigns covering the entire watershed during spring and summer,
when microbial activity is expected to peak, and one temporal
campaign spanning a full year at a midstream site.

The main objective of this study was to investigate the evo-
lution of the BCC within the Meuse watershed using a spatio—
seasonal approach, where two fractions in the water column are
considered separately (small versus large fraction). Specifically,
this study aimed to: (i) assess whether spatial patterns of alpha
diversity aligned with temporal ones, (ii) determine the extent to
which environmental parameters influenced beta diversity, (iii)
evaluateif the BCC of the Meuse watershed was dominated by typ-
ical freshwater taxa, and (iv) determine whether dominant taxa
could serve as bioindicators of river quality based on their corre-
lation with environmental factors.

Materials and methods

Study sites and sampling strategy

During the spatial campaigns, which took place during the spring
and summer of 2019, 42 sampling sites were analyzed (Fig. 1).
Twenty-four sites were sampled along the Meuse main river axis
(MR) from the river source to its mouth, with a distance of roughly
30 km between sampling sites. Due to practical limitations, no
sample was taken between the river spring and 69 km down-
stream.

Eighteen sites were sampled in HW, which were located within
an area characterized by a single soil occupation and at maxi-
mum 5 km from a stream source. The QGIS 3.16.7 software was
used to visualize maps of the Meuse watershed and its land use
to choose the sampling stations. The area where the Meuse meets
the Rhine and forms a delta was excluded from the watershed
representation (Fig. 1) due to the complex water mixing in that
section, which made it difficult to analyze the evolution of the
Meuse BCC. Consequently, the study focused on a stretch of the
river from its source to 926 km downstream, which corresponds
to the entry point into the delta, with this point referred to as the
“river mouth.” The temporal campaign was conducted at a site lo-
cated midstream (Jambes, 440 km from the river mouth), which
was sampled every second week for 1 year, from February 2019
to March 2020. GPS coordinates of all study sites can be found in
Table S1, with sampling dates and values of studied parameters.

Sample collection and analysis of (a)biotic
parameters

In small streams, surface water was carefully sampled within the
first 30 cm depth with a 10-1 bucket. Elsewhere, where the river
depth was superior to 1 m, surface water was collected using a
bucket attached to a rope, from the middle of a bridge. Before col-
lecting water, buckets were rinsed several times with the water
from the same sampling site. Afterwards, water was transferred
into 10-1 bottles, which were rinsed the same way.

The experimental protocols are detailed in the Supplementary
material. On site, temperature and DO were measured. In addi-
tion, for bacterial production measurement, 10 ml of water were
poured in 50-ml plastic flasks and those were stored in boxes filled
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with river water in order to maintain the temperature close to the
river one before incubation of the samples with the radioactive
substrate (tritiated thymidine), which was performed at the lab-
oratory. Other parameters were measured in the laboratory the
same day: TSM, chemical oxygen demand (COD), and chlorophyll
a (Chl-a). Phosphate and ammonium concentrations were mea-
sured for the samples of the spatial campaigns (HW and MR sam-
ples), but not for those of the temporal campaign due to logis-
tical limitations. River discharge data were obtained from pub-
lic institutions monitoring rivers in France (hydro.eaufrance.fr),
Belgium (voies-hydrauliques.wallonie.be), and the Netherlands
(rijkswaterstaat.nl). Those could not be determined for HW
streams.

DNA extraction, PCR, and sequencing

Water samples were first filtered on 5-um pore-sized polycarbon-
ate filters (Durapore, Merck Millipore, Ireland) to collect the “par-
ticle associated” bacteria, or large fraction bacteria (LF). Then the
flow through was filtered on 0.2-um pore-sized filters to collect
“free living” bacteria, or SF bacteria. Filtration was performed un-
til the filter was clogged, which typically occurred after ~1 1 was
filtered on a 5-pm filter and 300 ml on a 0.2-pm filter. DNA was
extracted from the material retained on the membranes using
a phenol-chloroform-isoamyl-based extraction protocol (detailed
in the Supplementary materials).

A two-step Polymerase Chain Reaction (PCR) procedure was
performed. PCR1 consisted in the 16 rRNA gene amplification and
was executed in our laboratory, followed by gel electrophoresis to
assess the quality of amplicons that were then stored at —20°C.

The amplification protocol and the primers used [515F (GT-
GYCAGCMGCCGCGGTAA) and 806 Rb (GGACTACNVGGGTWTC-
TAAT)] (Apprill et al. 2015, Parada et al. 2016) were those recom-
mended by the Earth Microbiome Project to amplify the V4 region
of the 16S rRNA gene (Caporaso et al. 2011, 2012). 2.5 pl of DNA
(5 ng/pl) were put into a 0.2-ml PCR tube, with 5 pl of primer F
(1 uM) and 5 pl of primer R (1 pM). Then, 12.5 pl of PCR mix were
added (KAPA Hifi HotStart ReadyMix PCR Kit, Kapa Biosystems,
Roche Sequencing, Switzerland). PCR1 was run as follows: 3 min
at 95°C, 25 cycles of 30 s at 95°C, 30 s at 55°C, 30 s at 72°C, and a
last step of 5 min at 72°C. Amplicons were stored at —20°C. PCR2
consisted in ligating the indexed adaptors to the amplicons. It was
performed at the “Genotoul bioinformatics platform Toulouse Oc-
citanie” (https://bioinfo.genotoul.fr), which also carried out the II-
lumina Mi-Seq paired-end sequencing (2 x 250 bp).

The sequences obtained were submitted to the NCBI Nu-
cleotide Sequence Database (accession number: PRINA1126447).
SRA accession numbers are provided in Table S2.

Bioinformatic pipeline and downstream analyses

The demultiplexed raw file of sequence data of the 205 samples
was processed using the DADA?2 pipeline v1.16 (Callahan et al.
2016) on the R v3.1 software (RStudio Team 2020). The process
followed by this pipeline has already been detailed in a previ-
ous study (Fontaine et al. 2023). First, primers were removed, then
dereplication, denoising, and concatenation of paired sequences
were performed. Additionally, forward and reverse reads were re-
spectively trimmed at 220 and 210 bp length in order to discard the
low quality parts of the sequences. Lastly, chimera were removed.
11992 816 reads remained out of 17 555 706. The lowest number of
reads per sample was 1106, the highest was 132 274. All samples
combined, a total of 65 169 Amplicon Sequence Variants (ASVs)
was obtained. Those ASVs were compared to the Silva database
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(version 138.1) with the assignTaxonomy function in order to obtain
the taxonomic identification of ASVs. The bootstrapping thresh-
old was set to 100. Sequences identified as belonging to the genus
Pseudarcicella were then cross-referenced with the NCBI database
using the BLAST tool (https://blast.ncbi.nlm.nih.gov), and subse-
quently reassigned to the Aquirufa genus. This change in identi-
fication is explained in the section “Discussion.” Afterwards, eu-
karyotes, chloroplasts, mitochondria, and archaea were discarded.
9528 216 reads (79,4%) corresponding to 31 578 bacterial ASVs (i.e.
48,5%) remained after this step. To perform alpha diversity com-
parisons, a random rarefaction of the ASV abundances was con-
ducted using the “rrarefy” function (Oksanen et al. 2019). Prior to
rarefaction, any sample containing <10000 reads was excluded
from the analysis to preserve sufficient diversity information. This
exclusion resulted in the loss of 14 samples out of 205 (7% of
the samples), including four samples of the spatial campaign on
the MR, three of the temporal campaign on the MR, and seven of
the spatial campaign on the HW. 10 out of the 14 samples corre-
sponded to LF samples. The rarefaction process was then carried
out using the lowest number of reads among the 190 remaining
samples, which was 10 019. The list of all ASVs and their abun-
dance in those 190 samples with the taxonomy associated can be
found in Table S3.

Statistical analyses

Alpha diversity was assessed based on the Shannon index cal-
culated using the Vegan package in R (Oksanen et al. 2019). De-
pending on data normality distribution, ANOVA or Kruskal-Wallis
tests were applied to compare alpha diversity values between
groups (SF spring versus LF spring, SF spring versus LF summer,...).
To define whether alpha diversity values were significantly lin-
early correlated with distance from the river mouth, Pearson
correlation coefficients were calculated. Spearman rank correla-
tions were also carried out to determine potential correlations be-
tween Shannon indexes or the most abundant genera (top 20) and
physico-chemical parameters.

The top 20 genera were determined separately for three dis-
tinct groups: spatial MR, spatial HW, and temporal campaign.
In both spatial groups, the top 20 genera were calculated by
aggregating data from the SM and LF, as well as from both
spring and summer seasons. Similarly, for the temporal campaign,
data from both fractions were aggregated to determine the top
20 genera.

For beta diversity calculations, no rarefaction was performed.
Instead, data were processed according to Gloor et al. (2017). First,
the function cmultRepl from the zCompositions package (v1.3.4)
was used. This function enables to transform ASVs with zero
count (which could cause errors after log-ratio transformation),
into near-zero estimates (or probability of occurrence), there-
fore considering undersampling instead of absence. Afterwards,
the microbiome package was used to perform a centered log-ratio
transformation (clr) (Aitchinson 1986).

A PERMANOVA test (adonis2 function in R) was performed
to identify, which variables explained beta diversity among the
parameters measured (i.e. most abundant genera and physico—
chemical parameters). Distance-based constrained analysis of re-
dundancy (RDA) was then executed using the Vegan package to
represent the differences in beta diversity between the differ-
ent groups of samples (spatial, temporal, SF, LF,...). The physico-
chemical parameters measured during both the spatial and tem-
poral campaigns were represented on the RDA plot as vectors,

with their length positively correlated to the R? values of the PER-
MANOVA test.

Results

Patterns of alpha diversity in the HW and along
the MR

In the HW, no difference in alpha diversity was observed between
spring and summer nor between SF and LF bacterial communities
(Kruskal-Wallis test, P-value = .25) (Fig. 2A).

Median Shannon index values were 5.3 for SF spring, 5.7 for LF
spring, 4.2 for SF summer, and 5.8 for LF summer. Variations in
alpha diversity was relatively consistent across the four groups,
except for SF summer, which showed greater variation. The lower
number of samples for the summer season was both due to low
sequencing coverage (which led to discard those samples, see the
section “Materials and methods”) and the impossibility to sample
some streams because they were dry.

Along the main stretch of the river, alpha diversity of the LF was
greater than that of the SF, except close to the mouth of the river
during summer, where the opposite trend was observed (Fig. 2B).
Of note, the river source (first sampling point on the MR axis also
included in the HW) was characterized by a much higher alpha
diversity (Shannon index from 4.9 to 5.7) than the following sam-
pling site located around 69 km downstream.

During spring, alpha diversity of the LF and SF fractions in-
creased significantly along the river course (respectively R? = 0.35,
P-value = .0036; R? = 0.45, P-value = 5e™*) (Fig. 2B). This could
be put in relation with the river discharge that was much higher
during the spring campaign than the summer one and increased
sharply downstream (Fig. S1A). This negative correlation between
the Shannon index (for both fractions) and the distance from the
river mouth or river discharge in spring was further confirmed by
calculations of Spearman correlation coefficients (p = —0.49, P-
value = .0042 for SF; p = 0.49, P-value = .0064 for LF) (Fig. 3A).
Moreover, for both fractions, a positive correlation was also ob-
served between the Shannon index, phosphate (p = 0.55, P-value
=.0003 for SF; p = 0.69, P-value = .0001 for LF), and ammonium
(0 = 0.63, P-value = .046 for SF; p = 0.49, P-value = .034 for LF),
and a negative one with Chl-a (p = —0.38, P-value = .009 for SF; p
= —0.38 P-value = .015 for LF).

During summer, a significant decrease in alpha diversity oc-
curred in the LF along the main axis (R? = 0.37, P-value = .0036),
with a major drop between km 267 and km 202 from the river
mouth (Fig. 2B). On the contrary, no significant variation of alpha
diversity could be observed for the SF along the main axis (R? =
1.5e7>, P-value = .99) (Fig. 2B). Calculations of Spearman correla-
tion coefficients revealed that the alpha diversity of the SF was
significantly correlated to ammonium (p = 0.55, P-value = .0034)
and phosphate (p = 0.43, P-value = .037), and negatively to DO
concentration (p = —0.57, P-value = .012) (Fig. 3B). No correlation
of alpha diversity was observed with river discharge.

Evolution of alpha diversity over 1 year at one
sampling site

Generally speaking, the Shannon index of bacterial communities
at the station sampled every second week for 1 year (Jambes) was
again higher for the LF than the SF (Fig. 2C). Both fractions were
characterized by notable variations of alpha diversity between
successive sampling dates. Nevertheless, a decreasing pattern in
alpha diversity of the LF could be highlighted during summer, fol-
lowed by an increase at the end of the summer, in autumn and


https://blast.ncbi.nlm.nih.gov
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf022#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf022#supplementary-data

(A)

Spring || Summer |
SF T LF J[SF J LF 6
Kruskal-Wallis, p = 0.25

il

n}o.as, p=0.0036
A R=037,p=0.0036

[e2]

o

Alpha diversity (Shannon index)

Alpha diversity (Shannon index)

Barberouxetal. | 5

© T YT VOO0 ®O I~
NN S 0 T~ W~ © O <t ©
O O~ MNOO W T T [so BN A}

Distance from the river mouth

(C)
Spring | Summer Autumn Winter
2019 2019 2019 2019-2020
6.51
A
A
= P
A s 61 A A
° A
£ A, i A A
g s A
551 A i
& A A 4 o
ﬁ A
> 5 A .
7] o
2 o e} o
8 o o,
o
@ 4.51 o OAg o o
= A o
o Pl 5 o]
<C . o o 5
1 o
A OD o
§ o 3 Fraction size © SF & LF
(km)

Groups = SF spring» SF summer ALF spring aLF summer

Figure 2. Alpha diversity at the ASV level—(A) in HW, (B) in the Meuse MR (spatial study), and (C) at Jambes (annual study), W = winter 2018-2019.
Numbers in the boxplots of Fig. 2(A) represent the numbers of samples. R? and P-values of Fig. 2(B) correspond to the results of the Pearson correlation
tests. Not all sample kms are present on the x-axis of Fig. 2(B) to keep it readable. Km 926 corresponds to the river source.

(A) Shannon index (B) Shannon index (C) Shannon index
SFLF SFLF SFLF

Distance from river mouth 0.8 Distance from river mouth 0.8 Temperature @ 2)_8

Temperature 06 Temperature 06 Dissolved oxygen 0.6

Dissolved oxygen 0. Dissolved oxygen @ 04 Chemical oxygen demand @ @ g:g

Chemical oxygen demand 0.2 Chemical oxygen demand 02 Production 0

Production 0 Production 0 Total suspended matter o :SE
Total suspended mgtter _op Total suspended mgtter 02 Discharge ® |06
Ammonium @ 04 Ammonium @ 04 Chl-a -0.8

Phosphate @ @ 06 Phosphate _0'6 -1

Discharge ® ® 08 Discharge 08
Chl-a Chl-a

1

-1

Figure 3. Spearman correlation matrices between physico-chemical parameters and the Shannon diversity index of the SF and LF fractions. (A) Spatial
study in spring (without HW). (B) Spatial study in summer (without HW). (C) Temporal study. The scale and therefore the size of the dots corresponds
to the value of the Spearman correlation coefficient (p). Only correlations with P-value < .05 are represented by a symbol.

in winter (Fig. 2C), to values above those observed in the two spa-
tial campaigns on the MR axis (Fig. 2B). No clear pattern could be
highlighted for the SF. Interestingly, the high values of alpha di-
versity of the LF fraction in autumn and winter matched those of
river discharge at the same seasons (Fig. S1B). The link between
both variables was confirmed by the positive Spearman correla-
tion between the Shannon index of the LF and river discharge (p
= 0.6, P-value = .002) (Fig. 3C). In addition, the Shannon index of
the LF was positively correlated to the concentration of TSM (p =
0.81, P-value = .00001), COD (R? = 0.57, P-value = .0487), and DO
(0 = 0.34, P-value = .032); differently, it was negatively correlated
to temperature (p = —0.62, P-value = .0026) and Chl-a (p = —0.33,
P-value = .0118) (Fig. 3C). Concerning the SF, the only significant
correlation was that of the Shannon index with the COD (p = 0.73,
P-value = .008).

Evolution of the 20 most abundant genera across
the watershed and along the year

We then identified separately the 20 most abundant genera in the
HW (Fig. 4A), along the Meuse main axis (MR) during spring and

summer (Fig. 4B), and over 1 year at Jambes (Fig. 4C). All in all, this
represented 33 different genera when the different studies were
aggregated (Fig. 5).

In the HW, the top 20 most abundant genera accounted for
30%-40% of all ASVs (Fig. 4A), whereas they represented a more
variable percentage of all ASVs (20%-80%) in both the MR and the
temporal study (Fig. 4B and C).

Nine genera were unique to the top 20 of HW (i.e. not found
in the top 20 of the MR or of the temporal study). Those were,
in decreasing order of abundance, Novosphingobium, Aurantimi-
crobium, Yersinia, Cellvibrio, Dechloromonas, Pseudarcobacter, TM7a,
Pseudorhodobacter, and Rhodoluna. Novosphingobium, Dechloromonas,
Pseudarcobacter, and Pseudorhodobacter were negatively correlated
with temperature and positively with TSM, whereas Cellvibrio was
negatively correlated with temperature but not with TSM (Fig. 5).

Nine top 20 genera were shared by the different studies (spa-
tial HW, spatial MR, and temporal studies), representing almost
half of the top 20 of each study. Among them, two genera,
Flavobacterium and Limnohabitans were especially abundant across
in all studies. The other ones were Comamonadaceae ASV5, Fluvi-
icola, Methylotenera, Polynucleobacter, Aquirufa, Rhodoferax, and Sim-
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plicispira. Rhodoferax was more abundant in the HW, in both frac-
tions and at both seasons, with a predominance in spring. A peak
of this genus could also be observed during late autumn and win-
ter in the LF (and to a lower extent in the SF) of the temporal
study. Finally, it was easily detected in both fractions of the MR
until km 203 (from the river mouth) in spring. Rhodoferax was
negatively correlated with temperature and positively with TSM
(Fig. 5). Flavobacterium was the second most abundant genus in the
HW in spring and first one in summer (Fig. 4A). Moreover, it was
very abundant in the MR in spring (Fig. 4B), and during autumn
and winter in the temporal study (Fig. 4C). In summer, its rela-
tive abundance was greatly reduced in the MR and at Jambes. Co-
herently, it was negatively correlated to temperature (Fig. 5). This
taxon showed no preference for either of the fractions. Limnohab-
itans was more abundant in the SF than the LF in the HW during
both seasons. Similarly, it was very abundantin the SF of the MR at
both seasons, as well as in summer in the LF. It remained stable
throughout the temporal study for both fractions. Furthermore,
its relative abundance decreased along the MR whatever the sea-
son or fraction (Fig. 4B). This change in relative abundance with
distance was confirmed by a Spearman correlation (Fig. S2). Con-
cerning Aquirufa, its was little detected in the HW. In the MR and
at Jambes, it was more abundant in the SF than LF and consis-
tently detected in spring, autumn, and winter while its presence
in summer was sporadic (Fig. 4B and C). Fluviicola and Polynucle-
obacter were present at all stations along the MR and throughout
the year at Jambes, with no clear variation in relative abundance
according to fraction or season for the first one, the second one
being more abundant in the SF fraction. Comamonadaceae ASVS
was consistently detected in spring in the HW, MR, and temporal
study, and in lower abundance in summer and autumn. Generally
speaking, it was more abundant in the SF than the LF. Methylotenera
was detected in spring in the spatial campaigns (HW and MR), and
in low abundance in autumn, winter, and spring at Jambes. It was
largely absent from the water masses in summer and exhibited a
strong negative correlation with temperature (Fig. 5). Finally, Sim-
plicispira was recovered in greater abundance in the SF than the LF
whatever the study. It was less abundant in summer than in the
other seasons.

In addition, seven top 20 genera were shared by the MR and the
temporal study but not detected in the 20 dominant taxa in HW,
which means that the water masses along the MR and at Jambes
shared a majority (16) of their top 20 genera. Those seven gen-
era were Armatimonas, Candidatus Planktophila, hgcI clade, NS11-12
ASV15,SAR11 Clade [l ASV13, Sediminibacterium, and Sporichty-
aceae ASV6. All were positively correlated with temperature and
negatively with TSM (Fig. 5). In agreement with those results, Can-
didatus Planktophila, hgcl clade, and Sporichtyaceae ASV6 shared
similar spatio-temporal patterns, i.e. a greater relative abundance
in summer. In addition, they were more abundant in the SF over
the LF. Those trends were also verified in the temporal study, in
which those three taxa were almost absent in winter. Armatimonas
was more abundant in the LF fraction in all sampling campaigns,
especially in summer and autumn. SAR11 Clade III ASV13 was
largely represented in the SF of the MR (where a steady increase
in abundance was observed downstream, from km 465 to km 27
of the river mouth), and of the temporal study in summer.

Finally, two taxa were greatly present in the top 20 of the MR
in summer and not in the other groups: Cyanobium PCC-6307 and
Microcystis PCC-7914 (Fig. 4B). Both taxa were positively correlated
to temperature (Fig. 5). A positive correlation was also observed
between Cyanobium PCC-6307 and TSM. Cyanobium PCC-6307 was
the most dominant genus in the upper part of the MR (from km
752 to km 552 from the river mouth) in both fractions (10%-37%),
and Microcystis PCC-7914 dominated downstream in the LF (from
km 203 to km 27 of the river mouth). At the last four stations, this
sole genus represented 50%-65% of all ASVs in the LE.

Driving parameters of beta diversity patterns
Table 1 presents the ranges of abiotic and biotic parameters mea-
sured for the three campaigns: HW during spring and summer, MR
during spring and summer, and the temporal study at Jambes.

A PERMANOVA test was done to identify which (a)biotic pa-
rameters explained the dissimilarity between bacterial commu-
nities, all samples pooled. The test was significant for all physico-
chemical parameters (P-value < .05), and the best explanatory
ones (R? > 0.05) were season, temperature, and distance from the
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Table 1. Ranges (min-max) of abiotic and biotic parameters measured for the three campaigns: HW during spring and summer, MR

during spring and summetr, and the temporal study at Jambes.

Parameters HW MR Temporal
Spring Summer Spring Summer
Temp (°C) 6.5-16.2 13-19.4 10-16.4 15.7-22.7 6.4-23.3
DO (ppm) 2.83-11.41 1.8-9.74 7.84-13.39 3.71-8.27 7.1-13.44
COD (mg 0,/]) 4924 2.04-76.7 0.3-85.1 0.1-66.8 5.8-38.11
Production (pg C/1/h) 0.002-0.114 0.002-0.627 0.009-0.184 0.013-0.214 0.01-0.1
TSM (mg/l) 1.4-38.7 2.3-58.3 2.6-18.3 2.3-16.04 1.4-82.4
Chl-a (pg/l) 0.21-17.5 0.17-13.89 0.4-18.3 0.465-29.17 0.2-59.6
Ammonium (mg/1) 0.016-6.927 0.008-0.102 0.022-0.442 0.027-0.315 NA
Phosphate (mg/l) 0.004-2.223 0.03-1.77 0.01-0.4 0.02-0.91 NA
Discharge (m3/s) NA NA 0.01-188.33 0.01-43.695 22.1-786.38

Temp = temperature, DO = dissolved oxygen, COD = chemical oxygen demand, TSM = total suspended matter, and Chl-a = chlorophyll a.
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Figure 6. RDA representing all samples (HW, spatial studies on the MR,
and temporal study). HW = headwaters; MR = main river. (A)biotic
parameters measured are presented as vectors. Temp = temperature;
TSM = total suspended matter; DO = dissolved oxygen; COD = chemical
oxygen demand,; and Chl-a = Chlorophyll a.

river mouth (Table 2). Moreover, among the top 20 most abundant
taxa calculated separately for all three datasets (HW, main fluvial
axis, and temporal study) and aggregated, Flavobacterium emerged
as the most influential taxon to discriminate the communities,
followed by Rhodoferax and Sediminibacterium.

On the redundancy analysis plot (Fig. 6), a progressive distinc-
tion of samples according to distance and season was visible for
the spatial surveys, with the HW samples being clearly separated
from the others. Regarding the temporal survey, most samples of
the autumn and winter seasons formed a cluster separated from
the spatial study, revealing a different BCC during those seasons,
while the summer and spring samples were grouped with the spa-
tial samples of the same seasons. The temperature vector pointed
toward the summer season downstream (and concomitantly to
the summer samples of the temporal campaign), whereas the DO
and TSM vectors pointed toward the autumn and winter sam-
ples of the temporal campaign. The latter vector also pointed to-
ward some HW samples. The bacterial production and Chl-a vec-

tors pointed toward midstream in summer, and the COD vector
pointed toward the upstream samples of the spatial campaign.
Despite being significant according to the PERMANOVA test (Ta-
ble 2), the factor “fraction size” did not differentiate the samples
as strongly as season, temperature, and distance (Fig. S3).

Identification of bacterial taxa correlated with
physico-chemical parameters of water quality

In order to identify taxa among the top 20 most abundant ones
that were correlated with physico-chemical parameters indica-
tive of water quality, i.e. DO, ammonium, and phosphate concen-
trations, we further analyzed the Spearman correlation matrix
of Fig. 5. Ten genera were identified as positively correlated with
DO. The most significant correlations were observed for Flavobac-
terium and Rhodoferax (two discriminating taxa of beta diversity,
Table 2) and Methylotenera. In addition, a strong negative correla-
tion was observed between DO and Cyanobium PCC 6307 (Fig. 5).
Another Spearman correlation matrix was calculated exclusively
on the main fluvial axis spatial study (Fig. S2), during which the
most abundant taxa exhibited great variations (Fig. 4B) and for
which nutrient concentrations were available. Here again, the
three abovementioned taxa (Flavobacterium, Rhodoferax, and Methy-
lotenera) showed a strong positive correlation with DO, and the
negative correlation between Cyanobium PCC 6307 and DO was
confirmed. In addition, Flavobacterium and Rhodoferax were nega-
tively correlated with phosphate concentration (Fig. S2). Plus, the
relative abundance of Rhodoferax was positively correlated to COD,
a proxy of the amount of organic matter in the water (Fig. 5 and
Fig. S2). Other genera were correlated with DO and nutrients in
the spatio-seasonal campaigns of the Meuse River axis. On one
side, Limnohabitans, Aquirufa, Comamonodaceae ASV5, and Sphin-
gorhabdus were positively correlated with DO and negatively cor-
related with phosphate (Fig. S2). On the other side, SAR11 Clade
11T ASV13 and Microcystis PCC 7914 were positively correlated with
phosphate concentration.

Discussion

The LF holds greater diversity than the SF

In this survey of the Meuse watershed, both spatially (at two
seasons) and temporally (at one sampling station mid-stream,
Jambes), alpha diversity was significantly greater in the LF than in
the SF. Such a trend was observed in the HW (although not signif-
icant), in the waters of the main fluvial axis (with the exception of
the summer samples close to the mouth, dominated by Cyanobac-
teriota), and at Jambes throughout the year. The difference in
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Table 2. PERMANOVA analysis to identify the driving parameters of beta-diversity among the physico-chemical parameters and among
the top 20 most abundant genera (that were calculated separately for HW-MR-Temporal and further aggregated).

Parameters R? F P-values Parameters R? F P-values
Flavobacterium 0.3012 5.031 .001 NS11-12 marine group ASV3 0.02503 4.158 .001
Season 0.12422 4.255 .001 SAR 11 Clade III ASV13 0.0243 4.034 .001
Temperature 0.07 308 14.585 .001 Armatimonas 0.02383 3.553 .001
Rhodoferax 0.05881 10.122 .001 Yersinia 0.02354 3.906 .001
Sediminibacterium 0.053 9.066 .001 Sphingorhabdus 0.02158 3.573 .001
Distance from river mouth 0.05239 10.228 .001 Pseudarcobacter 0.02042 3.377 .001
Candidatus planktophila 0.05105 8.715 .001 Microcystis PCC 7914 0.01933 3.193 .002
hgcl clade 0.04 804 8.175 .001 Planomicrobium 0.01926 3.181 .001
Fluviicola 0.04639 7.881 .001 Novosphingobium 0.01853 3.058 .001
Fraction size 0.04496 8.709 .001 Comamonadaceae ASV5 0.01556 2.560 .001
Limnohabitans 0.04372 7.407 .001 Acinetobacter 0.01534 2.523 .002
Sporichthyaceae ASV6 0.04231 7.158 .001 Rhodoluna 0.01507 2.479 .004
NS11-12 marine group ASV15 0.04056 6.848 .001 TM7a 0.01416 2.326 .003
Cellvibrio 0.03779 6.362 .001 Methylotenera 0.01333 2.189 .009
Dechloromonas 0.03751 6.313 .001 COD 0.01202 2.044 .001
Algoriphagus 0.03728 6.273 .001 Simplicispira 0.01117 1.829 .018
DO 0.03673 7.053 .001 Polynucleobacter 0.01116 1.828 .057
Aquirufa 0.03652 6.140 .001 Chl-a 0.01105 1.810 .021
Pseudomonas 0.03456 5.798 .001 Production 0.00988 1.617 .037
Cyanobium PCC 6307 0.02906 4.849 .001 Aurantimicrobium 0.00983 1.608 .09
TSM 0.02536 4214 .001 Pseudorhodobacter 0.00943 1.543 147

Parameters are ranked according to decreasing R? values. Genera are in italic and (a)biotic parameters in bold. Ammonium and phosphate are not present in the
table as not measured during temporal campaign, and river discharge neither, as not measured in HW.

bacterial diversity according to fraction size is in line with previ-
ous studies, which addressed this topic (Crump et al. 1998, Mohit
et al. 2014, Rieck et al. 2015, Payne et al. 2017, 2020, Gweon et al.
2021). It is generally explained by the nutrient-rich and varied mi-
croenvironments associated with particles, which tend to harbor
more diverse microbial communities than the free-living commu-
nities (Wang et al. 2012). On the other hand, the dominance of two
Cyanobacteriota genera in the LF of some samples is likely due to
their ability to form microcolonies, with an average size of 40 pm
for Cyanobium (Jezberova and Komarkova 2007) and >100 um for
Microcystis (Xiao et al. 2018).

Despite significant differences in alpha diversity between the
SF and the LF, numerous taxa were shared between the two
fractions (i.e. Flavobacterium, Limnohabitans, Aquirufa, Sporichthy-
aceae ASV6, and Comamonadaceae ASV5). Indeed, many bacte-
rial taxa can alternate between free-living and particle-associated
lifestyles (Grossart 2010). However, notable differences in BCC be-
tween SF and LF can also be highlighted in this study. Indeed, some
taxa were far more present in the SF (i.e. hgcI clade, Polynucleobac-
ter, and SAR11 clade III ASV13), whereas other taxa were in the LF
(i.e. Armatimonas and Microcystis PCC-7914). Similar results were
reported by Jackson et al. (2014), which observed a prevalence of
the Cyanobium clade in the larger fraction of water masses in the
Mississippi watershed in summer, while the SAR11 clade was pre-
dominantly found among bacteria of smaller fraction sizes. In ad-
dition, consistent with our findings, Savio et al. (2015) observed
a dominance of the SAR11 clade and hgcI clade in the SF in the
Danube River in summer. The ecology of several of these taxa is
discussed further below.

Bacterial alpha diversity changes from HW to the
mouth of the Meuse River

Unlike waters of the main axis, the HW did not show significant
change in alpha diversity between season or fraction, revealing
a stable diversity of the water masses. Our results are in con-

trast with another seasonal study on HW, where a higher diver-
sity was observed during spring compared to summer, which was
explained by the higher influence of allochthonous inputs during
spring (Laperriere et al. 2020).

In addition, the Shannon index of HW (around 5.5) was higher
than that of the waters of the main axis (mostly between 4 and
5). Of note, the sharp decrease in alpha diversity that was ob-
served between the HW (including the Meuse source, km 926 of
the river mouth) and the second sampling point along the Meuse
axis located 69 km downstream indicates that this stretch of the
river deserves further exploration in the future, with sampling at
intermediate locations. Nevertheless, the greater alpha diversity
of HW compared to locations further downstream has been ob-
served in the Danube as well (Savio et al. 2015). It was explained
by the mass effect being a bigger driver of diversity upstream than
species sorting. Moreover, groundwater has been reported to hold
a greater bacterial diversity than river water (Retter et al. 2023,
Ji et al. 2022). This difference is explained by a more neutral pH
(Fierer et al. 2007) and a more stable temperature of groundwater
(Pinto and Nano 2015). Finally, Retter et al. (2023) highlighted that
the greater productivity (based on cellular ATP and cell count) in
river compared to groundwater results in a lower diversity, which
is consistent with our findings.

In the spring campaign, the increase in alpha diversity along
the main axis could be explained by higher precipitations than
during that of summer. As a consequence of precipitations, a
steep, progressive increase of discharge was observed along the
main axis. The positive correlation between alpha diversity and
discharge could be explained by the fact that the dispersion ef-
fect overrode the species sorting effect during rainfall events. This
hypothesis was put forward in the temporal study of a Canadian
river subject to seasonal ice cover by Cruaud et al. (2020) and was
also supported by the work of Caillon et al. (2021) on the effect of
flood events on the BCC of streams.

Conversely, the decrease in diversity along the main axis ob-
served in summer (for LF) was consistent with another study
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carried out at this season in other rivers in the Northern hemi-
sphere (Ruiz-Gonzélez et al. 2015). In our study, the summer cam-
paign was characterized by a much lower flow than the spring one,
and it is likely that species sorting overrode mass effect.

Bacterial alpha diversity varies substantially over
2-week intervals at the same sampling station

Significant fluctuations in alpha diversity were observed within
a 2-week period throughout the year. Similar observations were
made in an annual study conducted at a single sampling site on
the Mississippi River by Payne et al. (2020). The authors explained
those short-term fluctuations, especially noticeable in the sum-
mer, by sudden and unpredictable disturbances happening briefly
(such as variations in local currents).

Seasonal variations were noticed in our study as well: alpha di-
versity of the LF increased with river discharge (especially in win-
ter). This rise in alpha diversity was most likely linked to a rise
in the concentration of suspended particulate matter carried in
the water during high water events, providing additional micro-
habitats for the bacteria (Crump et al. 1999, Ortega-Retuerta et al.
2013). Indeed, a high correlation coefficient was recorded between
alpha diversity of the LF and TSM in our study. The decrease in al-
pha diversity during summer was expected, as species sorting is
known to be positively correlated with temperature (Wang et al.
2019).

The dominant genera unique to HW are not
typical freshwater taxa

As mentioned earlier, Novosphingobium, Aurantimicrobium,
Yersinia, Cellvibrio, Pseudarcobacter, TM7a, Pseudorhodobacter,
Dechloromonas, and Rhodoluna were detected in the top 20 most
abundant genera of HW but not of the MR axis. Novosphingob-
ium is a ubiquitous, metabolically versatile taxon that has been
found in a large variety of habitats, where it decomposes or-
ganic compounds (including pollutants): the rhizosphere, con-
taminated bulk soils, seawater, and freshwater (Lee et al. 2014,
Sheu et al. 2016, Kumar et al. 2017). The type strains of Aurantimi-
crobium have been isolated from various habitats such as fresh-
water (Nakai et al. 2015), a river receiving swine wastewater (Sun
et al. 2024) and fish gut microbiota (Chen et al. 2024). Yersinia, has
been detected in various environments, such as human feces, ani-
mal feces and intestines, freshwater, and food (Sulakvelidze 2000,
Fukushima et al. 1988). Cellvibrio is a genus associated to sediment,
soil, and rhizosphere environments (Blackall et al. 1985, Mergaert
et al. 2003, Zhang et al. 2020, Lau and Furusawa 2024), with ex-
ceptional capabilities to degrade plant biomass (Xie et al. 2017,
Lau and Furusawa 2024). While it has been observed in localized
HW in the Southeastern USA (Teachey et al. 2019) and in natural
springs in Taiwan (Chen et al. 2017), its absence from studies per-
formed on a broader scale like that of Laperriere et al. (2020) in
Northeastern USA streams suggests that its distribution may be
site-specific and heavily influenced by local environmental fac-
tors. The presence of Dechloromonas is often associated with
anoxic, organic-rich environments such as Wastewater Treatment
Plants (WWTPs) (Hu et al. 2012, Saunders et al. 2016). Pseudarcobac-
ter has been detected in a variety of aquatic environments such
as seawater, marine invertebrates, but also sewage and WWTPs
(Basiry et al. 2024). Similarly, Pseudorhodobacter has been recovered
from marine sediment, seawater, marine invertebrates, but also
wastewater (Bian et al. 2024) and sludge (Calderon-Franco et al.
2022). TM7a has been found in soils, the human gut, and river-
ine environments (Jin et al. 2024). Lastly, Rhodoluna is an aquatic

genus that has been reported across the Danube River (Fontaine
etal. 2023) but was only identified here as part of the top 20 genera
of HW and not of MR.

In conclusion, most genera exclusive to the HW of the Meuse
watershed are associated to soil and/or aquatic environments pre-
dominantly rich in organic matter. This observation aligns with
the greater values of COD recorded in the HW samples compared
to those of the MR. In addition, the association of several of those
taxa with wastewater/sludge suggest a potential contamination
of HW sampling sites by wild animal feces, cattle, or maybe hu-
man wastewater. However, those results should be interpreted
with caution, as many of the abovementioned bacterial genera
include multiple species with different ecological niches.

Several dominant taxa detected along the MR
axis and in the temporal study were identified as
potential bioindicators of water quality

Three broad-ranging parameters were selected to assess water
quality within the Meuse watershed: DO, ammonium, and phos-
phate concentrations. In the case of the Meuse River, Chl-a could
not serve as a proxy of eutrophication, and thus as an indicator
of river quality, due to its reduction by the activity of filter-feeding
invasive species (discussed in detail further).

Two dominant taxa in the temporal and spatial studies (MR and
HW) were identified as potential indicators of water quality in the
Meuse watershed, as was the case in studies on other watersheds:
Flavobacterium and Aquirufa. Regarding Flavobacterium, the preva-
lence of this primarily aerobic chemoorganotroph genus can be
attributed to its capacity for degrading a range of biopolymers
like cellulose, chitin, and pectin (Kirchman 2002). In the Meuse
River, Flavobacterium can be considered as an indicator of good
water quality, due to its positive correlation with DO and nega-
tive correlation with phosphate. The same status was inferred by
Fontaine et al. (2023) in the Danube River. Its almost complete dis-
appearance from the top 20 genera in the main axis of the Meuse
River in summer is in line with results reported in the Mississippi
River (Payne et al. 2020). One possible explanation can be found
in the negative correlation of Flavobacterium with temperature in
the Meuse fluvial axis.

As for Aquirufa, it has recently been isolated from freshwater
environments closely linked to terrestrial ecosystems. It has the
ability to degrade pectin, a polymer found in the cell walls of
terrestrial plants (Pitt et al. 2019, 2022, Sheu et al. 2020). More-
over, its rhodopsin system allows it to perform photoheterotro-
phy (Pitt et al. 2022), enabling survival in nutrient-poor environ-
ments (Chiriac et al. 2023). It is suspected to be a prevalent fresh-
water taxon, as the 16S rRNA gene of isolates match that of un-
cultured clones found in various studies on rivers (Crump and
Hobbie 2005), lakes (Burkert et al. 2003), and freshwater sediments
(Tamaki et al. 2009). Aquirufa is closely related to Pseudarcicella, a
genus initially isolated from leech skin (K&mpfer et al. 2012) and
commonly identified in various riverine environments (Sun et al.
2018, Yang et al. 2019, Cruaud et al. 2020). It should be noted that
Aquirufa can be mistaken for Pseudarcicella during routine identifi-
cation with certain databases (Hahn M, personal communication),
highlighting the importance of careful examination of ASV se-
quences. Aquirufa was considered an indicator of good water qual-
ity in the Meuse due to its positive correlation with DO and neg-
ative correlation with phosphate. This aligns with previous find-
ings, which reported a strong negative correlation between Aquir-
ufa abundance and total algae levels in a lake reoligotrophication
assessment (Farkas et al. 2022).



In addition to those three taxa, it is noteworthy to highlight the
presence of the genus Rhodoferax in the top 20 most abundant gen-
era of the Meuse watershed, especially the HW and the tempo-
ral campaign. Rhodoferax spp. are purple nonsulfur, mostly facul-
tative anaerobic bacteria (Kaden et al. 2014). This genus was de-
fined as a “typical freshwater taxon” (Okafor 2011), which reduces
iron. It represented ~5% to ~10% of all ASVs at the river source,
which aligns with multiple previous studies reporting Rhodoferax
in aquifers (Zhuang et al. 2011, Abiriga et al. 2021, Kasanke et al.
2021). Species sorting would then make it progressively decrease
in the next kilometers, which was observed from the second sam-
pling point along the river axis, especially in summer. Therefore,
it can be considered a tracer of groundwater. Rhodoferax relative
abundance was negatively correlated to temperature and phos-
phate concentration, two parameters increasing downstream. Its
greater presence during late autumn and winter is coherent with
a recent study on Chinese urban rivers (Wang et al. 2023) and
with the identification of this genus in cold environments such as
Arctic lakes (Van Trappen et al. 2002), beneath an Arctic glacier
(Cheng and Foght 2007), and in the permafrost (Steven et al.
2008).

Furthermore, two taxa were observed at specific locations and
seasons, with a status of indicator of poor water quality that is
backed up by the literature: Cyanobium PCC-6307 and Microcys-
tis PCC-7914. Those Cyanobacteriota genera were detected in great
abundance in the LF fraction of downstream locations along the
fluvial axis in summer, concomitantly with the highest values
of Chl-a within MR (max 30 mg/l). However, no statistical cor-
relation between those Cyanobacteriota relative abundances and
Chl-a concentrations could be established. Phytoplankton blooms
(~120 mg of Chl-a/l) used to occur in the upstream section of
the Meuse (until km 400 from the river mouth), where the dis-
charge is still moderate (Descy et al. 1987). Indeed, phytoplankton
production depends on the balance between growth rate and di-
lution rate. Downstream, the phytoplankton biomass would de-
crease due to dilution by tributaries, protozoan grazing, and cell
mortality (Descy and Gosselain 1994). However, this pattern is no
longer valid, as blooms have drastically diminished in the Meuse
River for the last 15 years due to the invasion of filter-feeding mol-
luscs such as Dreissena polymorpha (zebra mussel), Dreissena poly-
morphys (Marescaux et al. 2015), and Corbicula spp. (Pigneur et al.
2014). The greater abundance of Cyanobium midstream could be
negatively and positively correlated with DO and temperature, re-
spectively. In accordance with this, Cyanobium has been described
as frequently found in warm waters (Stanier et al. 1971). More-
over, the presence of Cyanobium PCC-6307 has been reported in
a variety of aquatic environments, such as lakes and reservoirs,
rivers (Eraqi et al. 2021, Blais et al. 2022), coastal areas (Adyasari
et al. 2020), seas (Kolda et al. 2020), or even WWTP effluents (Mil-
lar et al. 2022). Microcystis PCC-7914 has been reported in a smaller
range of habitats, i.e. lakes (Wu et al. 2021, Li et al. 2023) and rivers
(Millar et al. 2022). Its peak close to the river mouth can be ex-
plained by its positive correlation with phosphate concentration
(increasing downstream), which has already been highlighted in
previous studies (Davis et al. 2009, Harke and Gobler 2013). Both
Cyanobium PCC-6307 and Microcystis PCC-7914 are known to poten-
tially release cyanotoxins (Millar et al. 2022); therefore their pres-
ence poses a health risk for the fauna and potentially humans and
should be the object of further investigation.

Other taxa were identified as indicators in this study (i.e. Lim-
nohabitans, Methylotenera, NS11-12 marine group, and SAR11 clade
IIl) but their indicator status contradicted findings from previ-
ous studies. Detecting Limnohabitans among the dominant gen-
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era was unsurprising. Indeed, Limnohabitans has been character-
ized as a genetically diverse taxon with wide ecological distribu-
tion (Jezbera et al. 2013). Its significant contribution to freshwater
bacterioplankton communities stems from its rapid substrate up-
take and growth, utilization of algal-derived substrates, and sus-
ceptibility to high mortality rates from bacterivory (Kasalicky et
al. 2013). The extensive study on the Danube River of Fontaine et
al. (2023) defined it as an indicator of eutrophic conditions, while
here, the opposite status was suggested, due to its positive cor-
relation with DO and negative correlation with phosphate. The
difference might be due to the criterion used to identify bacte-
rial indicators: Fontaine et al. (2023) looked for correlations of
taxa abundance with Chl-a concentration (a proxy for eutrophi-
cation) whereas we proceeded in the same way using nutrient and
DO concentrations. Methylotenera and NS11-12 marine group were
other indicators of good quality in the Meuse watershed (posi-
tively correlated with DO and negatively with phosphate). How-
ever, previous studies have reported the presence of Methyloten-
era in numbers in rivers affected by agricultural activities (Huang
et al. 2018), and the NS11-12 marine group was associated with
metal contamination (Pb and Cu) in a coastal area (Coclet et al.
2019) and with dissolved organic carbon originated from algal
blooms or from external inputs in lakes and rivers (Farkas et al.
2020).

The fourth taxon, SAR 11 clade III is typically associated with
marine habitats but has also been detected in freshwater envi-
ronments (Tsementzi et al. 2019). Its summer peak in the Meuse
is in agreement with the results of several studies in oceans (Carl-
son et al. 2009, Eiler et al. 2009) and in lakes (Salcher et al. 2011,
Heinrich et al. 2013). It might be linked to the presence of prote-
orhodopsin in these bacteria (Atamna-Ismaeel et al. 2008). More-
over, it presented a positive correlation with phosphate concen-
tration, reflecting its potential as bioindicator of poor freshwater
quality. This correlation is opposite (Salcher et al. 2011) or consis-
tent (Heinrich et al. 2013) with what was observed in lacustrine
environments.

Finally, regarding the other abundant genera across the Meuse
watershed, we could not identify any as bioindicator. Some taxa
(Armatimonas, Candidatus Planktophila, hgcl clade, and Sporichthy-
aceae ASV6) were not identified as bioindicators in the litera-
ture either, whereas others had been classified as indicators of
good river quality, i.e. Fluviicola (Ji et al. 2018) and Sediminibac-
terium (Song et al. 2017), or of poor river quality, i.e. Polynucleobacter
(Pandey et al. 2014) and Simplicispira (Vignale et al. 2023).

Differences in BCC between spatial and temporal
campaigns are mostly explained by season,
distance, and temperature

Concerning the impact of season on beta diversity, it was ex-
pected to be significant. Indeed, the distinction between win-
ter and summer samples, with spring and autumn intermediary,
aligns with other studies (Crump and Hobbie 2005, 2009, Doherty
etal. 2017, Payne et al. 2020). The second most influential physico—
chemical parameter driving beta diversity was temperature. This
has been shown to differentiate BCC in different studies of flu-
vial axes (Cruaud et al. 2020, Payne et al. 2020). The third driv-
ing parameter, distance from the river mouth, has been demon-
strated to significantly influence BCC in various studies on tem-
perate rivers undertaken during spring (Crump and Hobbie 2005,
Jordaan and Bezuidenhout 2013, Read et al. 2015, Savio et al. 2015,
Zhao et al. 2021). The same conclusion was drawn in a study
on the Koshi River flowing through regions with cold to tropical
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climates (Paudel Adhikari et al. 2019). However, a recent investi-
gation on the Nile River (Eraqi et al. 2021) revealed that distance
did not influence beta diversity, neither during summer nor win-
ter, presenting a notable deviation from previous findings. Finally,
in our study, the impact of fraction size on beta diversity was
lower than the driving parameters mentioned earlier, even if it
was still significant. This result contrasts with several studies of
riverine bacteria, which have shown a clear separation of sam-
ples according to the fraction size (Savio et al. 2015, Henson et al.
2018).

Conclusion

This work was the first to address the BCC of the Meuse River
watershed. Furthermore, its originality was to combine a spatio—
seasonal survey with a high frequency annual survey. The taxa
identified in the HW and the main Meuse River, at different time
scales, were consistent with those found in other freshwater envi-
ronments. Similarly, the main environmental parameters explain-
ing the dissimilarity of BCC between sampling locations have been
reported in other surveys of lotic bacterial communities. Yet, the
riverine BCC in the Meuse watershed and its spatio-temporal vari-
ations were unique, further illustrating the absence of a single
pattern of bacterial diversity in rivers worldwide. A notable dis-
tinction in our study was the relatively minor influence of fraction
size on BCC variations compared to the more significant roles of
season, temperature, and distance from the river mouth. This con-
trasts with other studies, which have placed greater emphasis on
fraction size.

Moreover, some bacterial taxa were significantly correlated
with physico-chemical parameters, highlighting their potential as
indicators of good water quality in the Meuse River, i.e. Flavobac-
terium, Limnohabitans, Aquirufa, Methylotenera, Rhodoferax, and NS
11-12 marine group. Conversely, indicators of poor river quality
could be identified as well, i.e. Cyanobium PCC-6307, Microcystis
PCC-7914 (particularly abundant in the summer campaign in the
Meuse), and SAR 11 clade IIL. It is important to mention how-
ever, that the identification of those “bicindicator” genera was
constrained by the limited number of physico-chemical param-
eters measured in this study. Moreover, ammonium and phos-
phate, were only measured in the spatial study on the MR axis
due to technical limitations. To increase the discriminating power
of such analyses, measurements of those parameters should be
applied to any future study, and as well as other parameters, such
as dissolved organic carbon and nitrate.

Additional spatial studies on this watershed during autumn
and winter would be valuable to confirm the pronounced differ-
ences of BCC observed during the temporal campaign at those
seasons. Further on, a multiyear analysis would provide a clearer
understanding of the spatio—seasonal patterns in the Meuse wa-
tershed and potentially reveal the impact of climate change on
riverine BCC. In that respect, performing analyses based on RNA
sequencing of the 16S rRNA would provide an additional stand-
point on the Meuse BCC, by allowing to identify the active fraction
of the bacterial community inhabiting the water column. Lastly,
metagenomic analyses would allow to characterize the key func-
tions performed by the river microbiota that we have character-
ized in this study.
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